Abstract -We have studied the cubic phase formed by the ternary system water/didodecyldimethylammonim bromideloctane using small-angle x-ray and neutron scattering. We have observed the existence of more than one symmetry in this cubic region, with a transition from primitive to body centred cubic symmetry on increasing the water content of the system. Our results are consistent with a bicontinuous periodic structure of constant mean curvature. We also report rheological measurements which indicate that the ringing behaviour of the cubic samples is associated with a sharp increase in the quality factor as audible frequencies are approached.
Introduction
Cubic liquid crystalline phases formed by amphiphilic molecules in the presence of water have been studied extensively, and transitions between cubic structures of different symmetries have been observed in the phase diagrams of some binary systems 11-41. Theoretical work on cubic phases has established the importance of periodic minimal surfaces and more generally periodic constant mean curvature (CMC) surfaces in the description of their microstructure 15-101. More recently, strong interest has emerged in cubic phases of ternary surfactant systems 18, 11-141. These consist of bicontinuous periodic labyrinths of water and oil conforming to a cubic symmetry. Ternary systems have more complex phase behaviour and a greater microstructural diversity arising from the extra degrees of freedom due to the presence of a third component. In the present paper we report a structural study of the cubic phase of the ternary system water/didodecyldimethylammonium bromide @DAB)/octane. Ternary mixtures of water, DDAB, and oil exhibit a large bicontinuous microemulsion region which has been studied in detail 115,161 and is now well-characterised. The cubic phase is opposite this microemulsion region and exists over a wide range of aqueous content.
Experimental
The samples were prepared by thorough mixing of the three components in a sealed container at ca.lOO°C and were then allowed to cool to room temperature. The small-angle X-ray scattering (SAXS) measurements were carried out using a point-collimated beam from a Cu-Ka line of X = 1.54 A. The sample was placed between two mica sheets and rotated in the beam at about 1 r.p.m. A sample thickness of 0.7 mm was maintained by means of a Teflon 0-ring. A two-dimensional position-sensitive detector 1171 was used to measure the scattered intensity. The sample-detector distance was 75 cm, and measurements were carried out at 221°C. The samples were
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1990737 subjected to cycles of heating and rapid cooling prior to the measurements, as this was found to reduce the size of large crystallites and produce homogeneous powder diffraction rings.
The small-angle neutron scattering (SANS) experiments were performed on D17 at the ILL Grenoble with a .monochromatic wavelength of 12 A, and at the low-Q diffractometer of the Los Alamos National Laboratory using a pulsed source and time of flight methods 1181. The samples were kept at 22*l0C and contained in 0.8mm or lmm path length quartz cells. They were subjected to heating and cooling cycles before the measurements. The Bragg spacings obtained from SAXS and SANS measurements on a given sample were equal to within f3A. The rheological measurements were performed on a Rheometrics RMS 800 rheometer using the cone and plate geometry and a variable temperature.
Results and Discussion
The phase diagram of the system D2OPDABIoctane is characterised by a large cubic region ( Fig. l) , which extends from ca.35% to 77% D2O. The high-octane side of this cubic phase is adjacent to the L;! microemulsion, while the low octane side faces a lamellar phase. We have used SAXS and SANS to investigate the structure of the cubic phase as a function of composition, and in particular, along a water dilution path (Fig. 1) . The results clearly show a symmetry transition at an aqueous volume fraction close to 0.5 pig. 2). At low water content the SAXS patterns can be indexed to a diamond (D) structure. This structure is related to the Schwarz-D minimal surface with space group ~4 3 m for a monolayer and Pn3m for a bilayer structure respectively 191. As the aqueous volume fraction is increased, a transition occurs to a structure of body-centred cubic (bcc) symmetry. The space group is Im3m, and possible structures are the P-bilayer based on the Schwarz-P surface or the I-WP monolayer surface 18, 101.
'"I D20 ' ' It follows from equations (l), (2), and (3) that c&,
-A*(@)/as. Since A* changes according to the symmetry and topology of a given cubic structure, a plot of CS/& against @ can reveal such structural changes. This is shown in Fig. 3 , where a transition is clearly seen between the two families of points corresponding to the D and bcc structures. The data indicate a change in cJQ,, of about 20% between the two symmetries, in close agreement with the theoretical difference in A* between the D-bilayer and the P-bilayer at @ = 0.55 and at constant a, 18-101.
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Fig. 3. Plot of cslQ,, against the aqueous volume fraction (including the surfactant head group). c, is in units oj m01 I-*. Q,, corresponds to the position of thejirst observed Bragg rejlection and has the units of A-l. The symmetry of each sample is indicated by different symbols: Diamond (0) and bcc (m). The broken line is a theoreticalfit to a D bilayer (Pn3m).
If the data points in Fig. 3 are fitted using the theoretical A* values for these structures, with as as the only adjustable parameter, both the D and P-bilayers yield a value of 64k3 A2 for as. This is in good agreement with the area per surfactant measured in the L2 microemulsion phase 18, 14, 151. Thus a D-bilayer to P-bilayer transition is strongly supported by the data. A similar transition has recently been reported by Barois et U191 in the system water/DDAB/ cyclohexane. However, the SANS profiles of samples 8 and 9 in Table 1 , which have bcc symmetry and an aqueous volume fraction close to 0.55, show three Bragg reflections whose intensities are in the order strong, medium, weak for the (1 10), (200) and (211) reflection respectively (see Fig. 4) . 
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The theoretical "bulk" scattering amplitudes (i.e. for a contrast between the aqueous and paraffinic regions of the structure) for the P-bilayer at @ = 0.5 have been computed by Anderson 18-101 and a very weak second peak is predicted for the (200) reflection, followed by a moderately strong (21 1) peak. This is clearly inconsistent with the result shown in Fig. 4 . On the other hand, the observed profile is both qualitatively and quantitatively consistent with the predicted intensities for a monolayer decorating an I-WP minimal surface (4 = 0.536) 18-101.
If the bcc points in Fig. 3 are fitted to the I-WP model, a value of 55+3 A2 can be extracted for as. It appears therefore, that the I-WP monolayer structure cannot be ruled out, at least in part of the bcc region of the cubic phase, although it must be borne in mind that the aqueous volume fraction of these samples is ca. 0.55 and thus differs from the volume fraction of 0.50 for which theoretical intensities are at present available for the P-bilayer.
The physical properties of the cubic samples such as their texture, rigidity, and "melting point" show considerable variation between the two symmetries and generally change dramatically with composition. The "melting point" (i.e. the temperature at which the cubic liquid crystals "melt" into a random microemulsion) is lowest at the lowwater edge of the cubic region, but increases rapidly with aqueous content. The cubic samples are also characterised by the property of "ringing" (i.e. they ring like a bell when tapped gently). As the temperature is raised the ringing ability of the samples is lost but can be restored reversibly on cooling. If equal volumes of sample are placed in the same type of container (e.g. a glass tube), the frequency of ringing is found to decrease with increasing water content, in parallel with the decreasing rigidity of the samples. Thus samples with Pn3m symmetry ring at a considerably higher pitch than their Im3m counterparts. We have carried out rheological measurements on Sample 1 (see Table l ), which melts at about 40°C, using the cone and plate geometry. As the frequency w approaches the audible range, the storage modulus, G'(o) and the loss modulus G1'(w) are seen to diverge, so that their ratio, the quality factor G'(CO)/G''(~) increases sharply at m m temperature (see Fig. 5 ). This is consistent with the condition for ringing, since the quality factor defines the ratio of the energy density stored to the energy density dissipated per cycle, with G'(w)/G"(o) >> 1 at the frequency at which ringing is heard. As the temperature is raised, structural changes take place in the sample which reduce the quality factor and result in the loss of ringing. It appears that ringing is associated with cooperative effects involving the cubic microcrystallites, and cannot be sustained when long-range order is lost and the crystallites begin to melt. 
Conclusions
Our results demonstrate the existence of more than one symmetry in the cubic phase of a ternary system, whose structure is well-described by a bicontinuous periodic CMC surface model. Analysis of the volume fraction variation of the lattice parameter is particularly useful as an indicator of structural change and a guide to the topological features of the cubic structure. The "ringing" ability of the gels is shown to be consistent with their rheological behaviour and is associated with their long-range crystalline order.
